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Many indomethacin amides and esters are cyclooxygenase-2 (COX-2)-selective inhibitors, providing a framework for the design of COX-2-targeted imaging and cancer chemotherapeutic agents. Although previous studies have suggested that the amide or ester moiety of these inhibitors binds in the lobby region, a spacious alcove within the enzyme's membrane-binding domain, structural details have been lacking. Here, we present observations on the crystal complexes of COX-2 with two indomethacin-dansyl conjugates (compounds 1 and 2) at 2.22-Å resolution. Both compounds are COX-2-selective inhibitors with IC 50 values of 0.76 and 0.17 M, respectively. Our results confirmed that the dansyl moiety is localized in and establishes hydrophobic interactions and several hydrogen bonds with the lobby of the membrane-binding domain. We noted that in both crystal structures, the linker tethering indomethacin to the dansyl moiety passes through the constriction at the mouth of the COX-2 active site, resulting in displacement and disorder of Arg-120, located at the opening to the active site. Both compounds exhibited higher inhibitory potency against a COX-2 R120A variant than against the WT enzyme. Inhibition kinetics of compound 2 were similar to those of the indomethacin parent compound against WT COX-2, and the R120A substitution reduced the time dependence of COX inhibition. These results provide a structural basis for the further design and optimization of conjugated COX reagents for imaging of malignant or inflammatory tissues containing high COX-2 levels.
Cyclooxygenases (COX-1 2 and COX-2; also known as prostaglandin-endoperoxide synthases), are the first enzymes in the arachidonic acid (AA) cascade that generates prostaglandins (PGs) and thromboxane. These lipid mediators play crucial roles in a variety of biological functions, including inflammation, hemostasis, parturition, and regulation of blood pressure (1) (2) (3) (4) . The importance of the cyclooxygenase enzymes is illustrated by the fact that they are the primary targets of the isoform-nonselective or COX-2-selective nonsteroidal anti-inflammatory drugs (NSAIDs), which are widely used to treat inflammation, pain, and fever (5) (6) (7) (8) .
COX-1 and COX-2 are bifunctional enzymes that convert AA to prostaglandin G 2 (PGG 2 ) in their cyclooxygenase active site and then reduce it to prostaglandin H 2 (PGH 2 ) in their peroxidase active site. PGH 2 then serves as the substrate for the remaining enzymes in the PG biosynthetic pathway. In addition to the free fatty acid, COX-2 can also oxygenate some ester and amide derivatives of AA, including the endocannabinoids 2-arachidonoylglycerol and arachidonoylethanolamide, converting them to PGH 2 -glyceryl ester and PGH 2 -ethanolamide, respectively (9, 10) . Whereas COX-1 is constitutively expressed in most tissues, expression of COX-2 is strongly induced in inflammatory and malignant sites. This property of COX-2 has led to the hypothesis that it can serve as a target for molecular imaging of cancer and/or inflammation (11) . Testing this hypothesis has been facilitated by the finding that many carboxylic acid-containing, isoform-nonselective NSAIDs can be converted to COX-2-selective inhibitors by esterification or amidation of the carboxyl group. In fact, a remarkably diverse assortment of chemical entities has been conjugated to indomethacin to yield potent and selective COX-2 inhibitors (12, 13) . Our laboratory has exploited this approach to synthesize the fluorocoxibs, conjugates of indomethacin and carboxy-Xrhodamine that have been successfully used for optical imaging of COX-2 in inflammation and cancer in cell culture and in vivo (14 -17) .
Despite the availability of many crystal structures of COX enzymes complexed with various ligands and substantial literature on the potencies and mechanism of action of indometh-acin esters and amides (12, 13, 18 -20) , the structural basis for the interaction of this class of inhibitors with the enzyme's active site has not been fully delineated. The COX enzymes are homodimeric proteins, each monomer of which consists of an epidermal growth factor (EGF) domain, membrane-binding domain (MBD), and the larger catalytic domain (Fig. 1A) . The cyclooxygenase active site of the enzyme comprises a hydrophobic channel that binds AA in an L-shaped conformation, placing the catalytic tyrosyl radical (Tyr-385) in alignment to abstract the (pro)-S hydrogen atom on AA's carbon 13, thereby initiating the first step in PG biosynthesis. The opening into the active site is demarcated by a constriction formed by Arg-120, Tyr-355, and Glu-524. Beneath the constriction is a relatively spacious alcove within the MBD that is referred to as the lobby (Fig. 1B) . The crystal structure of a complex of COX-2 and indomethacin reveals the inhibitor bound in the cyclooxygenase active site above the constriction (21) . As the carboxylate of indomethacin interacts with Arg-120 and Tyr-355, it has been proposed that amide or ester groups attached to this carboxyl group would project through the constriction into the lobby. The relatively large size of the lobby would explain why groups as such as carboxy-X-rhodamine can be accommodated. Thus far, only one crystal structure of COX-2 in complex with an indomethacin amide has been reported (22) . In this case, indomethacin was conjugated to podophyllotoxin in an effort to generate a COX-2-targeted chemotherapeutic agent. This structure revealed indomethacin bound in a pose very similar to that of the parent compound in complex with COX-2. However, the podophyllotoxin moiety, although appearing to extend into the lobby, was not visualized in the final electron density map.
As part of our search to identify potential COX-2-targeted imaging agents, we synthesized compounds 1 and 2, both indomethacin-dansyl conjugates that displayed selective COX-2 inhibition (Fig. 1C) . These compounds were found to be about 10-fold more potent COX-2 inhibitors (IC 50 ϭ 0.06 M for both compounds) than the fluorocoxibs (IC 50 ϭ 0.7 M for fluorocoxib A) in purified enzyme assays. IC 50 values for COX-1 inhibition were greater than 4 M for the dansyl derivatives and fluorocoxibs. Despite their high potency and selectivity, the spectral properties of compounds 1 and 2 ( ex ϭ 355 nm, em ϭ 493 nm) were suboptimal for in vivo optical imaging, limiting 
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their potential clinical utility (14) . However, due to their fairly compact amide substituents, we hypothesized that they would be suitable model compounds for elucidating the structural interactions between COX-2 and the indomethacin ester/amide class of inhibitors. Here, we report the X-ray crystallographic structures of complexes of COX-2 with compounds 1 and 2. The data confirm that the dansyl moiety occupies the lobby of the enzyme. In addition, site-directed mutagenesis studies reported here help to further illuminate structural determinants of the potency of these compounds.
Results

Characterization of compounds 1 and 2 as COX-2-selective inhibitors
We initiated our studies by reassessing the activities of compounds 1 and 2 against both WT COX isoforms using an assay in which inhibitors were preincubated with enzyme for 15 min prior to addition of AA. Consistent with the previously reported COX-2 selectivity, neither compound achieved greater than 20% inhibition of COX-1, even at concentrations of 10 M. In contrast, compounds 1 and 2 inhibited COX-2 with IC 50 values of 0.76 and 0.17 M, respectively, values somewhat higher than those reported previously but similar to that of indomethacin (IC 50 ϭ 0.23 M) ( Table 1) . Compound 1 achieved a maximum 70% inhibition of COX-2 at the concentrations tested, whereas complete inhibition was attained with compound 2. Thus, in terms of both IC 50 and residual activity, compound 2 is more potent than compound 1.
Having verified the selectivity of both compounds, we next hypothesized that they exhibit inhibition kinetics similar to those of their parent compound. Indomethacin is classified as a slow, tight-binding inhibitor for both COX-1 and COX-2. Its binding kinetics can be explained by a model that includes a rapid equilibrium corresponding to formation of an initial transient enzyme⅐inhibitor complex followed by slower formation of a more tightly bound complex (23) .
According to this model, incubation of enzyme with inhibitor under pseudo-first-order conditions results in an exponential loss of activity that can be measured by adding substrate at various times to the enzyme-inhibitor solution. Plotting activity versus time yields an observed first-order rate constant (k obs ) for enzyme inactivation that depends on inhibitor concentration. If these constants are then plotted against the concentration of inhibitor, one obtains a hyperbola described by the following equation,
where K I ϭ k Ϫ1 /k 1 . Graphically, the plateau of the hyperbola corresponds to k 2 , the y intercept to k Ϫ2 , and the inhibitor concentration at which k obs reaches half of its maximal value to K I .
We tested our hypothesis by first confirming that both compound 1 and compound 2 exhibit time-dependent inhibition of COX-2. Then, we directly compared the COX-2 inhibitor kinetics of compound 2, the most potent of the two inhibitors, with those of indomethacin (Fig. 2) . Compound 2 exhibited an affinity for initial binding (K I ϭ 5.6 Ϯ 4.1 M) that was similar to that reported previously for indomethacin (K I ϭ 7.9 Ϯ 2.2 M) (24). The forward rate constant for the second binding step of compound 2 to COX-2 (k 2 ϭ 0.025 Ϯ 0.004 s Ϫ1 ) was lower than that of indomethacin (k 2 ϭ 0.052 Ϯ 0.005 s Ϫ1 ), whereas the second dissociation constant for compound 2 (kϪ 2 ϭ 0.0038 s Ϫ1 ) was higher than that reported for indomethacin, which was too low to be determined (24). These results suggest that compound 2 interacts with the active site of COX-2 in a mode similar to that of indomethacin despite the fact that the dansyl moiety essentially eliminates COX-1 inhibitory potency.
Crystal structure of compound 1 complexed with COX-2
The crystal structure of compound 1 complexed with murine COX-2 was obtained at 2.22-Å resolution (Protein Data Bank (PDB) code 6BL4). The data revealed an asymmetric unit of space group C2 containing four COX monomers (two homodimers) as constructed by molecular replacement and structural refinement based on the model of the structure of a COX-2⅐naproxen complex (PDB code 3NT1). Each of the four monomers in the completed structure comprises protein residues 33-583; the cofactor protoporphyrin IX; three posttranslational N-glycosylations at Asn-68, Asn-144, and Asn-410; and several ␤-octyl glucoside detergent molecules. The ␤-octyl glucoside molecules are located in the outer shell of the protein in the same position as reported in previously published COX2⅐inhibitor crystal structures (25) .
The dimers of COX-2 in the model are essentially identical to those in the complex of COX-2 and (S)-naproxen (PDB code 3NT1), with a root mean square deviation for the backbone atoms in the range of 0.11-0.25 Å, based on a comparison of all monomers from this structure with monomer A of the COX2⅐naproxen complex. The following discussion of the structure 
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is based on the model of monomer A. The residues of COX-2 are numbered based on the ovine COX-1 numbering system for ease of comparison between the two isoforms (4).
The dansyl moiety of compound 1 binds in the lobby region of the COX-2 active site
Compound 1 comprises indomethacin conjugated to a dansyl group via an ethylenediamine tether. We built the model for compound 1 in the active site and lobby region of all four monomers of COX-2 based on the well-defined electron densities that were derived from the crystallographic diffraction data (Fig. 3) . The indomethacin moiety of compound 1 adopts a similar conformation to that previously reported for indomethacin bound to COX-2 (21) . The chlorine atom on the phenyl ring is inserted into the hydrophobic crown made of Leu-384, Tyr-385, Trp-387, Phe-518, and Met-522, and the carbonyl oxygen between the phenyl and indole rings forms a hydrogen bond with Ser-530 at an effective distance of 3.0 Å. The methoxy group of the indomethacin moiety is directed toward the COX-2 side pocket that is exploited by the diarylheterocycle class of COX-2-selective inhibitors (3, 26, 27) . The 2Ј-methyl group on the indole ring is adjacent to Val-523, forming hydrophobic interactions with Val-523, Val-349, and Ala-527. Insertion of this methyl group into a pocket formed by Val-349, Ala-527, Ser-530, and Leu-531 has been shown to be critical for the time dependence of COX inhibition by indomethacin (24).
Consistent with the prior hypothesis, the two-carbon linker that joins the indomethacin and dansyl moieties of compound 1 passes through the constriction at the base of the active site, placing the dansyl moiety in the lobby region, surrounded by helices A-D of the MBD. To accommodate the linker, the side chain of Arg-120 is displaced from the position it occupies in the COX-2⅐indomethacin complex (21) . Tyr-355 is hydrogenbonded at a distance of 2.8 Å to the nitrogen atom of the amide that joins the indomethacin moiety to the linker, and the carbonyl oxygen of the amide group of compound 1 is located about 3.1 Å away from NH 2 of the guanidinium group of Arg-120. Within the lobby, Val-89 and Leu-93 form hydrophobic interactions with the dansyl moiety, and the hydroxyl group of Ser-119 forms a hydrogen bond with an oxygen atom of the dansyl sulfonyl group at the effective distance of 3.2 Å (Fig. 3) .
Remarkably, two highly ordered water molecules in the constriction provide additional polar binding between compound 1 and COX residues to compensate for the disorder resulting from the displacement of Arg-120. One water molecule is located immediately above the constriction, ϳ2.4 Å away from the phenolic oxygen of Tyr-355. The second one is ϳ3.4 Å from NH 2 of the guanidinium group of Arg-120. In addition, the placement of the second water molecule in the lower part of the constriction enables it to interact with the carboxylate of Glu-524 (Fig. 3) .
Crystal structure of compound 2 complexed with COX-2
We also obtained a 2.22-Å resolution crystal structure of COX-2 in complex with compound 2, a conjugate of indomethacin and a dansyl group joined by a four-carbon linker. The length of the linker, which is 1,2-diaminoethane in compound 1 and 1,4-diaminobutane in compound 2, is the only structural difference between the two inhibitors (Fig. 1C) . 
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As in the case of the COX-2⅐compound 1 complex, the indomethacin moiety of the ligand adopts a pose very similar to that of indomethacin in complex with COX-2. Furthermore, despite the differences in the linker length between compounds 1 and 2, the dansyl moieties of the two inhibitors adopt essentially identical poses in their respective crystal structures. This suggests limited flexibility for binding of the dansyl moiety in the COX-2 lobby. To achieve correct alignment of both the indomethacin and dansyl moieties, the four-carbon linker of compound 2 must twist, thereby shortening its length to pass through the constriction, while a movement of the side chain of Ser-119 enables formation of an optimal hydrogen bond (2.7 Å) with an oxygen atom of the dansyl sulfonyl group. As in the COX2⅐compound 1 complex, hydrophobic interactions between the dansyl moiety and residues Val-89 and Leu-93 are observed, and an ordered water molecule is present in the constriction where it interacts with Tyr-355 (Fig. 4) .
Structural determinants of COX-2 inhibition of compounds 1 and 2
The crystal structure data revealed points of interaction between COX-2 and both compounds 1 and 2. To further explore the importance of these interactions, we conducted site-directed mutagenesis studies. Indomethacin forms a strong polar interaction with Arg-120 at the COX-2 constriction. In contrast, the crystal structures of compounds 1 and 2 complexed with COX-2 demonstrated no interaction between the inhibitor and Arg-120 and a displacement of Arg-120 to provide room for the linker in the constriction. Consistently, when Arg-120 was mutated to alanine, both compounds 1 and 2 displayed an increase in potency, with IC 50 values of 0.28 and 0.036 M, respectively. In contrast, indomethacin exhibited a marked loss of potency (IC 50 Ͼ 4 M) against this mutant ( Table 1) .
As is seen for indomethacin, the Ser-530 hydroxyl group of COX-2 forms a hydrogen bond with the carbonyl between the indole and phenyl rings of the indomethacin moiety of compounds 1 and 2 in their respective crystal complexes. Mutation of Ser-530 to alanine decreased the potency of compound 1 (IC 50 ϭ 2.5 M) while minimally affecting the potency of com- Prior work had demonstrated that mutation of Val-89 to tryptophan alters the kinetics of inhibition of many weak reversible inhibitors so that they behave as time-dependent, tight-binding inhibitors (28) . Crystal structure data revealed that the Trp-89 residue fills a gap between helixes B and D of the MBD, changing the opening of the lobby from a C-shaped partial ring to a fully closed donut shape. Although this mutation had minimal effect on the potency of indomethacin, we hypothesized that it might alter the potency of compounds 1 and/or 2 due to the positioning of the dansyl moiety within the lobby and formation of contacts with this residue. In support of this hypothesis, the potencies of both compounds were reduced as a result of the V89W mutation, with greater effects on compound 1 than compound 2 (IC 50 values of 1.4 and 0.51 M, respectively).
The side pocket region of COX-2 is a binding pocket that is exploited by the diarylheterocycle class of COX-2-selective inhibitors (3, 26, 27) . Inhibitors access this pocket in COX-2 more easily than in COX-1 because the valine residue occupying position 523 in COX-2 is smaller than the isoleucine residue at this position in COX-1. Mutation of Val-523 in COX-2 to isoleucine leads to a loss of potency of the diarylheterocycle inhibitors. This mutation had minimal effect on the potency of indomethacin, compound 1, or compound 2, however, consistent with the structural data indicating that these inhibitors do not rely on the side pocket for binding (Table 1) .
Within the COX-2 lobby, the hydroxyl group of Ser-119 forms a hydrogen bond with the dansyl moiety of compounds 1 and 2. Unexpectedly, mutation of Ser-119 to alanine increased the inhibitory potency of compound 1 (IC 50 of 0.34 M) while having essentially no effect on that of compound 2 (IC 50 of 0.17 M).
The most striking effect of all mutations evaluated was the contrast between the increased potency of compound 2 as compared with the decreased potency of indomethacin against 
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R120A COX-2. In an attempt to elucidate the mechanism of this contrast, we evaluated the kinetics of inhibition of R120A by compound 2. Results demonstrated that the rate of inhibition of the mutant enzyme by compound 2 was substantially higher than its rate of inhibition of WT COX-2 (Fig. 2C) . The inhibition rate was too rapid for accurate evaluation of the binding or kinetic constants for compound 2's interaction with R120A; however, these results suggest that the high potency of compound 2 for R120A COX-2 likely are the result of a much higher affinity for formation of the initial complex and/or a much more rapid conversion to the tightly bound complex.
Discussion
In 1996, Luong et al. (29) published the crystal structure of COX-2 complexed with an inhibitor comprising zomepirac attached to a p-iodophenyl group via an acyl sulfonamide linker. This COX-2-selective inhibitor had been created by amidation of the carboxyl group of the nonselective NSAID zomepirac in a similar fashion to our creation of COX-2-selective inhibitors by amidation or esterification of indomethacin. Although not publicly available, the crystal structure was described as showing zomepirac bound in the COX-2 active site with the linker passing through the constriction to place the p-iodophenyl ring in the lobby (29) . Thus, this early finding suggested the possible use of the lobby as a binding site for functionalities attached to the carboxylates of conventional NSAIDs. Nevertheless, for many years, we have unsuccessfully attempted to obtain an X-ray crystal structure of a complex of COX-2 with an inhibitor of the indomethacin ester/amide class. In the recently reported COX-2 complex with an indomethacin-podophyllotoxin conjugate (22), we were able to visualize the indomethacin moiety and a portion of the linker but not the toxin moiety of the ligand. In that complex, the orientation of the indomethacin moiety was consistent with the hypothesis that the podophyllotoxin portion of the molecule was located in the lobby, and it was successfully placed there by computational modeling. Nevertheless, the data reported here provide the first fully observed electron density maps accounting for the placement of the amide substituent of an indomethacin amide in the lobby region of COX-2.
It is interesting to note that compound 1, with a two-carbon diamine linker, is a moderately potent COX-2-selective inhibitor, whereas compound 2, with a four-carbon diamine linker, displays much higher potency. This potency difference may be due to unfavorable tension at the constriction resulting from lack of flexibility of compound 1's short linker. Neither compound is a COX-1 inhibitor. This has been attributed to the observation that binding of carboxylate-containing substrates and inhibitors to COX-1 is much more strongly dependent on ion pairing with Arg-120 than it is in COX-2. Another contributing factor may be that the MBD of COX-1 is less flexible than that of COX-2 and may therefore be unable to accommodate the binding of a large amide or ester group in the lobby.
Compounds 1 and 2 form similar contacts with Ser-530, Ser-119, and Val-89; however, mutation studies show that compound 1 is more sensitive than compound 2 to changes that alter the nature of these contacts. A possible explanation for this difference might be that the short linker in compound 1 allows for very little flexibility in the binding conformation that would enable it to compensate for the loss of a crucial interaction. In contrast, compound 2's four-carbon linker would potentially enable it to form new contacts in the environment of a mutant enzyme.
Despite the differences in their responses to various mutations, both compounds displayed increased inhibitor potency against the R120A mutant COX-2 as compared with the WT enzyme. It is therefore notable that in both crystal structures of COX-2 complexed with the indomethacin-dansyl conjugates, the side chain of Arg-120 was difficult to fit due to relatively high B-factors, which averaged 120 and 116 Å 2 for crystal complexes containing compounds 1 and 2, respectively. The side chain of Arg-120 was pushed away from the position it occupies in the crystal structure of the COX-2⅐indomethacin complex, presumably to accommodate the tethered linker. We examined the kinetics of inhibition of the R120A mutant COX-2 by compound 2. The results showed that the time dependence of inhibition by compound 2 was almost abolished by the R120A mutant (Fig. 2C) , suggesting that Arg-120 acts as a hindrance at the constriction for both conjugates and that its displacement 
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plays an important role in the slow rate of binding (at least in the case of compound 2) to the WT enzyme.
As noted above, we have shown previously that insertion of the 2Ј-methyl group on indomethacin's indole ring into a hydrophobic pocket comprising Val-349, Ala-527, Ser-530, and Leu-531 is a key determinant of the time dependence of COX-2 inhibition by indomethacin. Clearly, indomethacin's polar interaction with Arg-120 is critical to potency, as indicated by its total loss of activity against the R120A mutant, but the finding that 2Ј-des-methyl-indomethacin remains a rapidly reversible inhibitor of COX-2 suggests that this interaction can be established very quickly. Our data indicating the importance of Arg-120 displacement in the time dependence of compound 2 suggests a fundamental difference between this inhibitor and its parent compound with regard to their binding kinetics with the enzyme despite the similarity in their kinetic constants described above.
In summary, our data support a long-held hypothesis that indomethacin esters/amides bind to COX-2 with their indomethacin moiety in the active site above the constriction and the ester/amide functionality in the lobby. Of course, the possibility remains that some molecules of this class adopt radically different binding modes, and these data do not address all of the potential interactions that can occur between the widely varying ester/amide groups that are found among this class of inhibitors and residues in the lobby. It also does not immediately explain differences in potency between these various inhibitors, a goal that would require substantially more structural information. Regardless, these new data provide an important foundation for the future rational design and exploration of indomethacin conjugates as COX-2-targeted imaging or therapeutic agents.
Experimental procedures
Protein expression and purification
Expression and purification of murine COX-2 and its mutants were completed as described previously (25) . Ovine COX-1 was purified as described previously from sheep seminal vesicles (30) .
COX inhibition assay
Assay solutions contained purified enzyme (50 nM) with 2 eq of hematin per monomer of COX, 100 mM Tris-Cl, pH 8.0, 5 mM phenol, and 2% DMSO. The inhibitor was dissolved in DMSO and incubated with protein for 15 min at 37°C prior to the addition of 5 M AA. After 30 s, the enzymatic activity was quenched with an equal volume of ethyl acetate with 0.5% (w/w) acetic acid and 0.3 M PGE 2 -d 4 as internal standard for later LC-MS analysis (31) . Plots of activity (percentage of uninhibited control) versus log[inhibitor] were fit to a three-parameter equation for enzyme inhibition using Prism 8 software (GraphPad).
COX time-dependent inhibition assay
Time-dependent inhibition reactions contained 50 nM purified, hematin-reconstituted native or mutant COX-2. After preincubation of enzyme with different concentrations of inhibitors (0.5, 2, 5, 10, 15, 20, and 25 M) for the specified times (0, 0.25, 0.5, 1.0, 2, 4, 8, and 16 min), 50 M AA was added to initiate the enzymatic reaction, which was allowed to proceed for 30 s at 37°C. The enzymatic activity was then quenched with an equal volume of ethyl acetate with 0.5% (w/w) acetic acid and 0.3 M PGE 2 -d 4 as internal standard for later LC-MS analysis (31) . Plots of remaining activity versus time for each inhibitor concentration were fit using nonlinear regression analysis to the equation for first-order exponential decay to obtain values for the observed rate constant (k obs ) for enzyme inactivation. These values were then plotted against inhibitor concentration, and the data were fit to Equation 2 ("Results") to obtain values for K I , k 2 , and k Ϫ2 . All data analyses were performed using Prism 8 software.
Crystallization, X-ray data collection, structure determination, and refinement
Crystal complexes of COX-2⅐compound 1 and COX-2⅐com-pound 2 were obtained according to the previous publication (22) . Diffraction data were collected using the synchrotron radiation X-ray source with 100 K liquid nitrogen streaming at beamline 24-ID-C in the Advance Photon Source at Argonne National Laboratory. Diffraction data were processed with XDS (32) . Both complexes were determined as C2 space groups. Initial phases were determined by molecular replacement using monomer coordinates (PDB code 3NT1, chain A) with Phaser (33) . A set of randomly selected data (3%) were set aside for testing and quality control. The models containing four monomers in one asymmetric unit were improved with several rounds of model building against the remaining data with a constraint of F Ն 0 in Coot (34) and PHENIX (35) . Global noncrystallographic symmetry was applied during the initial refinements and released afterward. Ligand constraints were computed using the PRODRG server (36) . Water molecules were added during the last cycles of refinement, and translation, libration, and screw-rotation (TLS) refinement was applied in the last cycle of refinement (37) . The potential of phase bias was excluded by simulated annealing using PHENIX (38) . The values of the Ramachandran plot for the final refinement of the structure were obtained by use of the PHENIX suite (35) . X-ray data collection and structural refinement statistics are reported in Table 2 . Among the four monomers in each structure, no significant differences were observed, and all illustrations were prepared using the coordinates of one monomer with PyMOL (Schrödinger, LLC).
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